A 68-year-old man with a history of coronary artery bypass grafting presented complaining of dysphagia and hoarseness. A chest X-ray showed mediastinal widening and enlargement of the aortic knob. Computed tomography showed aneurysmal dilatation of the aortic arch and descending aorta without dissection or obstruction of the aortic arch vessels. The arch aneurysm measured 7 cm in length and 5.6 cm in its widest diameter. A transesophageal echocardiogram showed no aortic insufficiency, no regional wall motion abnormalities, and an ejection fraction of 65%. The patient now presents for total arch replacement with a plan for repair of the descending aorta at a later date.
A 68-year-old man with a history of coronary artery bypass grafting presented complaining of dysphagia and hoarseness. A chest X-ray showed mediastinal widening and enlargement of the aortic knob. Computed tomography showed aneurysmal dilatation of the aortic arch and descending aorta without dissection or obstruction of the aortic arch vessels. The arch aneurysm measured 7 cm in length and 5.6 cm in its widest diameter. A transesophageal echocardiogram showed no aortic insufficiency, no regional wall motion abnormalities, and an ejection fraction of 65%. The patient now presents for total arch replacement with a plan for repair of the descending aorta at a later date.
Questions

What are the risks and possible complications of aortic arch replacement?
Dr Schwartz: Open surgical repair of aortic arch aneurysms is associated with significant perioperative and long-term complications. The extent of this patient's aneurysm involving presumably the proximal arch extending into the proximal descending thoracic aorta combined with the patient's previous coronary artery bypass grafting and likely patent left internal mammary artery make this case particularly challenging. The surgeon and anesthesiologist must collaborate preoperatively in order to anticipate and prevent a host of associated complications. The mortality from aortic arch replacement ranges from approximately 3 to as high as 15% in large series. 1 The most significant complications include a stroke rate of approximately 5% to 15% and a similar rate for paraplegia, depending on the extent of repair. Other complications include renal or visceral end-organ damage, recurrent laryngeal nerve and vocal cord paralysis, myocardial infarction, infection, severe coagulopathy and need for reexploration, esophageal injury, subclavian, and/or cerebral vascular injury.
I believe that the most important factor in order to minimize the complications associated with aortic arch replacement includes a clear strategy of cardiopulmonary bypass (CPB) and cerebral protection.
Dr Kwak: As Dr Schwartz mentioned, aortic arch replacement is associated with mortality and stroke rates of 3% to 15%. The wide range in rates is somewhat due to the different types of perfusion techniques used. In general, both mortality and stroke rates have improved with the evolution of adjunctive techniques for cerebral protection, particularly the use of selective antegrade cerebral perfusion (ACP). 2 Operative setting influences outcomes, with nonelective setting being associated with higher risk of mortality and stroke, regardless of the perfusion strategy used. 2, 3 Previous cardiac surgery also poses additional risk for adverse outcomes. The recurrent laryngeal nerve, for example, may be more difficult to identify and preserve in a reoperative setting. Additionally, previous aortic surgery may increase the risk of spinal cord injury by affecting collateral circulation to the spinal cord.
What will you use for cerebral monitoring?
Dr Rice: As alluded to by Drs Schwartz and Kwak, adverse neurologic events during cardiac surgery remain a significant source of morbidity, and much effort has been directed toward identifying strategies for real-time monitoring, early detection of adverse events and timely goal-directed therapies. Well-known causes of potentially preventable cerebral events during cardiac surgery include embolic phenomena, hypoperfusion, ischemia-reperfusion injury, and cerebral edema. Devices to monitor cerebral perfusion, blood flow, electrical activity, and global/regional oxygen saturation have evolved over the past decade and remain a focus of much study and debate. Traditional modalities such as multiple site invasive hemodynamic monitoring of arterial blood pressure and central venous pressure help ensure adequate cerebral perfusion. Accurate temperature monitoring and regulation are also of critical importance, particularly with regard to the rate of rewarming, and strict avoidance of cerebral hyperthermia, both of which have been associated with postoperative cognitive decline. Other monitors of cerebral status that have been applied to the cardiac surgical environment include multichannel electroencephalography (EEG), bispectral index (BIS), transcranial Doppler (TCD), jugular venous bulb oxygen saturation, and regional cerebral oximetry, and have been variably implemented into cardiac surgical practice.
The use of devices such as EEG and BIS to analyze brain electrical activity has largely been to confirm isoelectric activity prior to instituting deep hypothermic circulatory arrest (DHCA). To date no convincing evidence exists that validates its routine use, and EEG has been largely abandoned due to time-intensive technical requirements. BIS monitoring, however, has gained some acceptance within the literature as a depth-of-anesthesia monitor and may offer some safeguard against intraoperative awareness. In addition, as inhaled anesthetics have recently been associated with neurotoxicity and postoperative cognitive decline, another potential benefit of using the BIS is the ability to titrate the anesthetic, limiting the cumulative dose. The use of TCD, which monitors cerebral blood flow via interrogation of the middle cerebral artery, and has the sensitivity to detect and quantify embolic events, has not gained widespread acceptance due to the technical challenges of operation. Likewise, because of the invasive nature of jugular venous bulb oxygen saturation monitoring has limited widespread use.
One of the most promising of the newer technologies is cerebral oximetry, which uses near-infrared spectroscopy to monitor regional cerebral tissue oxygenation. While the algorithm varies by manufacturer, the technology of at least one commonly available device reflects both an arterial and venous contribution of approximately 1:3, thus a measurement of 60% to 75% is generally considered the "normal range." A growing body of literature has demonstrated not only that an intraoperative decline in cerebral oximetry correlates with postoperative cognitive deficit but also that real-time treatment of desaturations may improve neurologic outcome.
For this case and other aortic arch procedures, the use of multimodal physiologic devices to include hemodynamic and temperature monitoring in combination with BIS and cerebral oximetry would be my recommendation. There is perfusion of the space surrounding the elephant trunk, allowing for further dilatation of the aorta while waiting for the second stage. Patients may fail to have the second operation because of complications related to continued dilatation or from other complications related to the aortic arch surgery. The frozen elephant trunk was created as a way to repair the aortic arch and the descending aorta in one stage. 4, 5 A frozen elephant trunk is a hybrid prosthesis stent graft. The distal part of the graft is stented and is placed in the descending aorta during open repair of the arch. While a second procedure requiring thoracotomy may be avoided, additional circulatory arrest time is a disadvantage of the frozen elephant technique. Other risks of the frozen elephant technique are perforation of the aorta, aortic dissection, and endoleaks. Patients are also still at risk for recurrent laryngeal nerve injury and spinal cord ischemia.
What
Dr Schwartz: As Dr Kwak has described, the options for repair of the descending thoracic aorta include open or endovascular approaches. Special consideration must be given to assessing the distal landing zone above the celiac trunk and distal access. The advantages of a hybrid arch (frozen elephant trunk) repair include first and foremost the avoidance of a second operation, direct visualization of the proximal landing zone, and one-staged definitive repair. The frozen elephant trunk approach is attractive for high-risk patients, including those patients with chronic obstructive pulmonary disease, advanced age, and previous left thoracotomy. The disadvantages of the frozen elephant trunk approach include the potential for additional morbidity and mortality to the initial procedure, more specifically an increased rate of paraplegia and potentially an increased incidence of reoperation secondary to endoleaks. 6 The disadvantages of the frozen elephant trunk also include a prolonged circulatory arrest time and the associated morbidity, particularly of paraplegia and intra-abdominal end organ injury. Either hybrid approach is associated with a higher incidence of reoperation than conventional open repair. This is due to the recognized risk of early and late endoleaks associated with endovascular repairs.
What are the options for arterial and venous cannulation during aortic arch replacement? For this patient?
Mr Fitzgerald: There are several cannulation options that can be considered in this procedure due to the lack of dissection and involvement of the arch vessels. The right axillary artery has become increasingly common for arterial inflow cannulation in these types of cases. 7, 8 An end-to-side anastomosis of the axillary artery can be performed using a Dacron graft with running Prolene sutures. Then, a standard arterial catheter can be inserted and secured into the graft lumen to allow for full CPB. The benefit of this approach is that it allows for unilateral ACP by simply clamping the base of the innominate artery, thus reducing the need for additional arterial cannulas during lower body circulatory arrest. In addition, right axillary cannulation prior to sternal incision would facilitate the rapid deployment of CPB in the event the surgical team has difficulty reentering the sternum. In this case, the surgeon may elect to also cannulate the femoral vein and institute CPB prior to sternotomy to decompress the heart and protect the right ventricle and bypass grafts from injury.
Another option could be the innominate artery, either via direct cannulation or by using a Dacron graft. The innominate cannula would not only provide the same benefits of unilateral ACP, but it would also eliminate both the need for a separate incision and avoid brachial plexus injuries. 9 The innominate cannula would be in the direct view of the surgeon and easily manipulated during periods of ACP.
The last conventional option would be the use of the femoral artery. In this procedure, femoral cannulation would be useful if CPB is warranted prior to full resection of the ascending aorta and arch vessels. Femoral-femoral bypass can be instituted quickly in emergent circumstances. However, the risks and limitations of femoral cannulation cannot be ignored in this case. Distal limb ischemia, retrograde malperfusion, and atherembolism from the descending and abdominal walls of the aorta increase the potential for complications. Furthermore, additional cannulas must be placed in the arch vessels if ACP is to be delivered during circulatory arrest period. 9 Peripheral cannulation may also prolong both cooling and warming periods on CPB support.
Venous drainage can be achieved through numerous cannulation sites. The use of a dual-stage venous cannula can be inserted into the right atrium through the atrial appendage. Bi-caval cannulation can be performed with single stage venous catheters placed in both the superior vena cava and inferior vena cava. Last, CPB can be provided through the use of a long, multistaged catheter inserted into the femoral vein. By using a guidewire and transesophageal echocardiography guidance, the tip of these catheters can be advanced just under the mouth of the superior vena cava to achieve sufficient drainage of the right heart. If femoral venous drainage is suboptimal, an additional venous catheter can be placed in the atrium or superior vena cava once the right heart has been resected.
Dr Schwartz: For many of the reasons outlined above, the strategy I would choose for arterial cannulation in this particular patient would include right axillary cannulation and selective antegrade cerebral perfusion of the left common carotid. I do not routinely perfuse the left subclavian artery but rather I clamp it to avoid a steal effect. As described by Mr Fitzgerald, a second option for arterial CPB cannulation would include the femoral artery or distal ascending aortic cannulation. While many surgeons recently advocate mild hypothermia with circulatory arrest, I prefer deep hypothermia to ensure cerebral, spinal cord, and end organ protection. Despite selective antegrade perfusion, other end organs remain vulnerable during the unpredictable duration of circulatory arrest.
What are the options for cerebral protection during aortic arch replacement?
Dr Rice: Once cannulated, options for cerebral protection during aortic arch surgery include DHCA and hypothermic lower body circulatory arrest augmented with antegrade (unilateral or bilateral) or retrograde selective cerebral perfusion (aSCP and rSCP, respectively). Although rSCP may allow for some degree of washout of emboli via back-flow, aSCP offers the ability to maintain near-physiologic forward-flow conditions. The required degree of hypothermia is related to the expected duration of circulatory arrest, with ~30 minutes being considered safe at 18°C. Using aSCP, current literature on neurological outcome suggests that lesser degrees of hypothermia, 28°C to 35°C, may provide adequate protection, although the ultimate decision must be made clinically based on patient baseline condition (age, cerebrovascular disease, etc), and technical difficulty of surgery. Preexisting neurovascular disease or anticipation of prolonged procedural time may warrant consideration of bilateral aSCP, and more significant hypothermia. Dr Grocott: Although ensuring an optimal neurologic outcome in patients undergoing aortic arch surgery with DHCA is the ultimate goal of all anesthesiologists, the desire to do "something" to ensure this must be tempered by critically examining the evidence for the various strategies that are frequently used. Balancing this desire to "help" with the primum non nocere dictum is critically important. One could easily argue that most commonly advocated drugs are, at best, unhelpful, and at worst, actually deleterious. For example, despite the widespread use of various pharmacologic therapies that are considered (often misguidedly) to possess neuroprotective potential, such as high-dose barbiturates or propofol, lidocaine, magnesium, and steroids, there is no credible evidence that any of these pharmacologic modalities can mitigate any of the cerebral injuries that are associated with DHCA (or any other brain injury for that matter). Specifically, the largest study examining lidocaine during non-DHCA cardiac surgery demonstrated that lidocaine patients actually had worse cognitive dysfunction compared with controls. 10 Furthermore, the use of magnesium, which was initially suggested as a neuroprotectant agent due to its antagonism of the neurotoxic effects of excitatory amino acids on the N-methyld-aspartate receptor (NMDA) during reperfusion from cerebral ischemia, has yet to show a benefit in cardiac surgery. Furthermore, its investigation in nonsurgical settings of acute stroke demonstrated worse cerebral outcomes. 11 The most common class of drug used in DHCA, corticosteroids, have not only been shown to be injurious in the clinical trials of closed head injury, 12 but has never been demonstrated to be of benefit in even experimental models of cerebral ischemia. It remains widely used, however. 13 Recently, the Dexamethasone in Cardiac Surgery (DECS) trial, 14 one of the largest (n = 4494) trials of stroke in cardiac surgery, did not show a significant neurologic benefit to steroid use in coronary artery bypass graft surgery. As a result, neither steroids nor any other pharmacologic therapy can be confidently recommended.
As for a commonly used nonpharmacologic therapy, topical brain cooling with ice (or other cooling devices), has also been recently reviewed. 15, 16 Although there has never been a randomized controlled trial (and there likely never will be) with this modality for DHCA, there is little evidence that it could actually cool the brain successfully 17 or prevent the passive rewarming that might occur. Experimental evidence also suggests that there may be an adverse effect on brain lactate levels. 18 
What is the ideal temperature for circulatory arrest?
Dr Grocott: The ideal temperature for circulatory arrest has to be considered in the context of the adjunct perfusion techniques that are commonly being used for aortic arch surgery. As mentioned by Dr Rice, the use of aSCP has allowed the consistent use of higher temperatures during DHCA and is likely the only strategy that has improved outcome, thus allowing these more moderate temperatures. In the pre-aSCP era, patients required profound cooling of the brain, to temperatures of at least 18°C (if not lower). 19 However, with the use of aSCP, considerably higher temperatures are now associated with good neurologic outcome. 20, 21 Tolerance for milder relative target temperatures, must nevertheless be weighed against the issues of understanding how aSCP is actually employed. For example, the use of near-infrared spectroscopy cerebral oximetry (or TCD if local expertise is available) is essential if adequacy of bilaterally symmetrical cerebral blood flow is to be ensured. Furthermore, if patients are not sufficiently cooled and then discovered during the surgical dissection to have anatomy that is not suitable for isolation and clamping of the innominate artery, then the patient may be exposed to a profound risk of worsened cerebral outcome. Overall with aSCP, the observational studies suggest that temperatures in the 25°C to 26°C range are more than well tolerated. 8, 22 An important additional temperature consideration in those patients that are either profoundly or even moderately cooled is that at some point, these patients need to be rewarmed and one must not overlook the adverse effects that can occur with overly aggressive rewarming that can put patients at risk for cerebral hyperthermia. 23 That is, any benefit that might be obtained from the use of hypothermia can be negated by the cerebral hyperthermia that can occur with too aggressive rewarming. 24 To this end, it is important to monitor the nasopharyngeal temperature and/or the aortic cannula inflow temperature in order to avoid temperatures >37°C.
You decide to use cerebral near-infrared spectroscopy, and baseline regional cerebral oxygen saturation values are 50% on the left and 54% on the right. What can you do for decreasing global cerebral oxygen saturation and at what point is treatment indicated?
Dr Rice: Proper use of cerebral oximetry requires obtaining bilateral baseline measurements prior to induction of anesthesia. Once established, multiple options exist for treating decreasing cerebral oxygen saturations. Murkin and Arango 26 set the stage for real-time therapeutic guidance for intraoperative disturbances in cerebral oximetry. The decision for corrective action tends to be based on percentage decrease from baseline (generally accepted lower limit is −20% from preinduction baseline) or approaching a predetermined absolute lower acceptable limit (~50%). Following verification that the falling saturations are not due to technical malfunction, cannula positioning, jugular venous impingement due to head positioning, pump oxygen source, and so on, corrective measures commonly include increasing FiO 2 and/or pump flow rate, and/or decreasing sweep speed to allow CO 2 -mediated cerebral vasodilation (with consideration for potential undesirable increases in ICP and potential cerebral edema). Transfusion of packed red blood cells can also improve oxygen delivery and may be warranted. Another consideration may be the use of alpha stat versus pH stat during cooling, with preservation of cerebral autoregulation of blood flow, although this decision must include consideration for increased cerebral blood flow and potential increases in intracranial pressure. If these actions fail to correct the cerebral desaturation, increasing the depth of anesthesia and/or further cooling the patient may be considered. In our practice, we have seen these corrective actions dramatically improve cerebral oxygenation.
Dr Grocott: There is growing evidence that the degree of cerebral desaturation can be indicative of subsequent adverse outcomes (neurologic and others) after aortic surgery. The recent data from Fischer et al 27 support that one of the most beneficial organ protective strategies in these patients may be to optimize cerebral oxygen saturation. Indeed, they demonstrated those patients with higher cerebral saturations (ie, absolute saturation >60%) had the lowest risk of adverse outcomes after DHCA.
The extent to which desaturation should be targeted (ie, what saturation thresholds are best) has been debated. It is likely that there are relative changes from baseline, 28 as well as absolute thresholds at which injury can occur. 27 Importantly, one needs to institute interventions prior to these injurious absolute thresholds being reached. There are a number of different interventional algorithms that can be used to prevent and reverse cerebral desaturation. 29 These strategies are aimed at optimizing blood pressure, preventing hypocapnia, increasing the PaO 2 , optimizing CPB flow (and nonbypass-related cardiac output), as well as oxygen carrying capacity with respect to increasing hemoglobin. However despite all of these maneuvers, cerebral desaturation can still occur, particularly during the rewarming process from hypothermic bypass. The mechanisms for this have been investigated, demonstrating that there can be an uncoupling of cerebral blood flow and cerebral metabolism during this process, thus resulting in cerebral desaturation. 30 There is also some suggestion that with the prolonged bypass times needed during the lengthy DHCA rewarming time that other reductions in cerebral blood flow may result from the effects of hemolysis and subsequent nitric oxide binding. 32 as many as 17% of postmortem brains studied possess an interrupted circle of Willis. 8 A similar study conducted by Papantchev et al 33 studied subjects of Eastern European descent and measured a prevalence rate exceeding 42%. 8 The lack of collateral circulation may limit the effectiveness right axillary ACP, especially during longer periods of circulatory arrest. In this case, the insertion of a perfusion cannula in the left common carotid artery may be warranted.
Before intervention, the surgeon can corroborate low cerebral perfusion by temporarily releasing the occlusion of the proximal left common carotid and left subclavian arteries to inspect for back-flow. The use of biradial arterial lines would also help confirm this diagnosis. Simply increasing ACP delivery, as prescribed in mL/kg, may attenuate low left-sided readings. However, extreme caution should be maintained in avoiding hyper-perfusion to the right hemisphere. Decreasing the temperature of the perfusate from 26°C may also serve helpful, but the same level of concern should still exist for regional hyperperfusion. After ensuring hematocrit, blood pCO Cerebral perfusion can be delivered through a small arterial or a coronary sinus cardioplegia catheter. Blood flow is supplied through either a bifurcation of the existing CPB circuit arterial line, or a dedicated pumphead and tubing circuit. The latter should only be used if it possesses all of the essential features and safety devices of the systemic CPB circuit, including flow probe, line pressure regulation, emboli detection and filtration, and temperature monitoring. Once the carotid cannula is inserted, the coronary sinus balloon is inflated and an ACP flow of 6 to 10 mL/ kg/min should produce a resultant perfusion pressure between 40 and 60 mm Hg. 8 Dr Kwak: That the regional oxygen saturation so profoundly decreases only on the left side suggests inadequate perfusion of the left hemisphere, as described by Mr Fitzgerald. As unilateral antegrade cerebral perfusion is being administered via the right axillary artery, one must consider inadequate flow or an incomplete circle of Willis. Cannulation of the left carotid artery to institute bilateral antegrade cerebral perfusion should normalize perfusion and regional oxygen saturation of the left hemisphere. 34 Mr Fitzgerald has previously described methods to confirm the low perfusion to the left hemisphere. Other issues to consider are kinking of the antegrade cerebral perfusion cannula causing inadequate flow or malposition of the venous cannula causing cerebral venous obstruction. The aorta should also be checked for changes that might have occurred prior to the institution of circulatory arrest such as dissection of the aorta causing left carotid obstruction resulting in compromised perfusion immediately before circulatory arrest. The patient's head should be examined for position, abnormal edema, or signs of abnormal perfusion to assist in diagnosing the cause of malperfusion.
Conclusion
While discussing cerebral protection, Dr Grocott refers to the primum non nocere dictum. The practice of this dictum by all those involved during aortic arch surgery has improved the results of this complex and challenging procedure. There have been many advances in technology and techniques with regard to cerebral monitoring, perfusion strategies, and surgical techniques (such as regional cerebral oxygen saturation, antegrade cerebral perfusion, and hybrid procedures) that have contributed to the improvement in results. Also important are the groups who have published their techniques, results, and complications so that all can learn from their experiences. In addition, the importance of clear planning and communication is evident in this discussion, as was mentioned by all members of the roundtable.
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